Tropical cyclone wind field asymmetry—development and evaluation of a new parametric model by Olfateh, Mohammad et al.
RESEARCH ARTICLE
10.1002/2016JC012237
Tropical cyclone wind field asymmetry—Development and
evaluation of a new parametric model
Mohammad Olfateh 1, David P. Callaghan 1, Peter Nielsen1, and Tom E. Baldock 1
1School of Civil Engineering, University of Queensland, Brisbane, Queensland, Australia
Abstract A new parametric model is developed to describe the wind ﬁeld asymmetry commonly
observed in tropical cyclones or hurricanes in a reference frame ﬁxed at its center. Observations from
21 hurricanes from the North Atlantic basin and TC Roger (1993) in the Coral Sea are analyzed to determine
the azimuthal and radial asymmetry typical in these mesoscale systems after removing the forward speed.
On the basis of the observations, a new asymmetric directional wind model is proposed which adjusts the
widely used Holland (1980) axisymmetric wind model to account for the action of blocking high-pressure
systems, boundary layer friction, and forward speed. The model is tested against the observations and
demonstrated to capture the physical features of asymmetric cyclones and provides a better ﬁt to observed
winds than the Holland model. Optimum values and distributions of the model parameters are derived for
use in statistical modeling. Finally, the model is used to investigate the asymmetric character of TC systems,
including the azimuth of the maximum wind speed, the degree of asymmetry, and the relationship between
asymmetry and forward speed.
1. Introduction
A parametric representation of the pressure and wind ﬁeld in tropical cyclones, hurricanes, and
typhoons facilitates abstract representation of these meteorological systems using just a few physically
meaningful parameters [Depperman, 1947; Holland, 1980; Jelesnianski, 1965; Schloemer, 1954]. These
include the central pressure deﬁcit, the maximum wind speed, and the radius to the maximum wind
speed. The behavior and relationships between these parameters can lead to a better understanding
of tropical cyclones, e.g., the relationship between the pressure deﬁcit, maximum wind speed and its
radius [Willoughby and Rahn, 2004]. In addition, parametric models assist in the construction of synthet-
ic storm systems to enable the modeling of historical and future events for the purposes of statistical
analysis of wind and storm surge, to inform risk assessment for structures and coastal areas [Vickery
et al., 2009].
Field observations reveal that tropical cyclone, hurricane, or typhoon (henceforth denoted TC) wind ﬁelds
can deviate from a perfectly axisymmetric vortex-type motion and become asymmetric, radially and/or
azimuthally, in a reference frame ﬁxed at the center of the TC eye (Figures 1 and 2). Blocking action due to a
neighbor anticyclone event, asymmetric convection due to bottom boundary layer friction, meridional gra-
dients of the Coriolis acceleration, or landfall can all generate or intensify TC wind/pressure ﬁeld asymmetry.
Meanwhile, the most widely used parametric models including the Holland [1980] model (henceforth H80)
are axisymmetric. Since these models lack parameters to describe the TCs’ asymmetric properties, TC asym-
metric features have not received enough attention compared to other features such as radius to maximum
wind or maximum wind speed [Vickery and Wadhera, 2008].
Blocking action by an anticyclone adjacent to a TC can lead to a mesoscale condition analogous to the wall
effect for a vortex [Batchelor, 1967], resulting in asymmetry in the pressure and velocity ﬁeld. These types of
meteorological events are rather frequent in the South East Paciﬁc [Coughlan, 1983], where a high-pressure
system located south (poleward) of a TC extends its wind ﬁeld toward the anticyclone. The blocking action
in these mesoscale systems generates larger pressure gradients at the wall side of the TC that subsequently
lead to larger wind speeds (Figure 1). For these asymmetric TCs, the larger wind speeds due to the blocking
action are toward the Australian east coast. Thus, these events can potentially generate intensiﬁed storm
surge.
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The TC forward speed also generates wind ﬁeld asymmetry. First, a simple superposition of TC forward
speed and wind leads to larger wind speeds on the left- (right-) hand side of the TC in the Southern (North-
ern) Hemisphere. This linear effect can be included in any parametric model. Second, asymmetry in the
drag force at the bottom boundary (arising from wind speed asymmetry due to the TC forward speed) intro-
duces asymmetric convection and an asymmetric boundary layer wind ﬁeld distribution. This feature, along
with other sources, can results in larger wind speeds on the front right (front left) side of the TC translating
direction in the Southern (Northern) Hemisphere (Figure 2). This phenomenon was ﬁrst investigated numer-
ically and through observations by Shapiro [1983] and analytically (using a perturbation boundary layer
solution to the conservation of momentum equation) by Kepert [2001] who took into account drag forces
and vertical turbulent diffusion of momentum.
The spatial distribution of the Coriolis acceleration also introduces asymmetries in TC wind ﬁelds (termed
the b-effect) as well as its translation, which was analytically modeled by Adem [1956] and Holland [1983].
TC landfall also induces sharp wind ﬁeld asymmetries due to abrupt changes in surface friction, terrestrial
effects and heat convection.
The parametric modeling of TC wind ﬁelds beneﬁts several scientiﬁc and engineering studies including
storm-surge modeling and studies of TC-related oceanic processes such as ocean mixing, cooling, and phy-
toplankton blooming [Huang and Oey, 2015]. A more accurate parametric model can potentially improve
outcomes of those studies. For example, Xie et al. [2011] investigated effects of TC wind ﬁeld asymmetry
on numerically estimated storm surge
height. Xie et al. [2011] found that wind
ﬁeld asymmetries of 30% can result in
16% more severe storm surge height.
Such a difference can also impact statis-
tical estimations of coastal inundation
and erosion hazards that use TC wind
ﬁeld parametric models.
This paper is organized as follows. To
consider, for example, wind ﬁeld asym-
metries observed during TC Roger (1993)
and Hurricane Wilma (2005) (Figures 1
and 2) in parametric models and to
enable further investigation of their
properties, a new directional wind ﬁeld
model is developed in section 2. For this,
the ﬁrst mode of azimuthal asymmetry is
investigated from observations of 21
hurricanes from the North Atlantic basin.
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Figure 1. TC Roger (17 March 1993 at 12 A.M. GMT) (left) mean sea level pressure and (right) wind ﬁeld (the forward speed is removed). The blocking action of the high-pressure system results in
an asymmetric pressure ﬁeld and larger pressure gradients at the southern side of the TC. The black arrow shows the TC forward speed direction with magnitude of about 2 m/s. Data from
NOAA-CIRES 20th Century Reanalysis.
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Figure 2. Hurricane Wilma surface wind ﬁeld (the forward speed is removed) at
1930 UTC 24 October 2005. The maximum wind occurs in front of the hurricane and
to the left possibly due to asymmetric convection from surface drag as discussed in
Shapiro [1983]. Data from NOAA-HRD hurricane wind analysis system (H*Wind).
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On this basis, a new directional function is proposed in conjunction with the H80 model as the radial distribution.
In addition to capturing widely observed physical features, the new model gives a better ﬁt to historical TC wind
ﬁelds. In section 3, this is demonstrated qualitatively for two different asymmetric events; one due to blocking
action and the other due to surface boundary layer drag. In addition, the goodness of ﬁt of the model is com-
pared for a subset of six hurricanes from the database of observed events. The new model parameters also
enable investigation of the asymmetric character of TC systems. A discussion of these features, including the azi-
muth of the maximum wind speed, the degree of asymmetry and the relationship between asymmetry and for-
ward speed concludes section 3. Overall conclusions are presented in section 4.
2. The Asymmetric Model
Since analytical results for the dynamics of asymmetric eddies are mathematically too complex to be used
as a practical parametric model [Flierl et al., 1980; Kepert, 2001], we develop a parametric TC wind ﬁeld mod-
el based on observations. Considering the modes of azimuthal and radial asymmetry (Figure 3 following
McCalpin [1987]) and observations of TC wind ﬁelds, the ﬁrst mode of azimuthal asymmetry is the most fun-
damental and simplest structure, and forms the basis for the new model. The second mode of radial
Figure 3. Modes of asymmetry of a vortex following McCalpin [1987]. The top left plot is the zeroth mode. Azimuthal and radial modes
then increase in the horizontal and vertical directions, respectively. Red and blue areas indicate positive and negative extremes in the
velocity ﬁeld. Analogous to adding simple harmonics, superposition of higher modes of asymmetry is expected to increase the model
adjustability.
Journal of Geophysical Research: Oceans 10.1002/2016JC012237
OLFATEH ET AL. TROPICAL CYCLONE WIND FIELD ASYMMETRY 460
asymmetry could be captured using a dou-
ble peak Holland model [Cardone et al.,
1994] to capture the second peak in the
radial wind speed distribution.
2.1. Observations and Modeling of the
First Azimuthal Mode of Asymmetry
To develop an asymmetric parametric mod-
el, the azimuthal asymmetry of historical TC
wind ﬁelds is investigated. To this end, 24
snapshots of 21 different hurricanes from
the NOAA-HRD hurricane wind analysis sys-
tem archive data [Powell and Houston,
1996] are used as a data set (Table 1). The
snapshots represent maximum sustained
1 min wind speeds over the time scale
attributed to the grid cell, constructed from
different observational sources; the avail-
able wind observations were collected over
typically 3–6 h. Attention is paid to azi-
muthal asymmetry at the radius to maxi-
mum wind due to the wind speed
signiﬁcance in this zone. Thus, a dimension-
less wind speed parameter, Vrel, at the radi-
us to maximum wind Rw is estimated from
VrelðhÞ5 VRw ðhÞ2V RwVmaxRw 2VminRw
(1)
where VRw is the wind speed at Rw (after removing the hurricane translational speed), with an azimuthal
average of V Rw and a maximum and minimum of V
max
Rw and V
min
Rw , respectively. The azimuthal distribution
of Vrel suggests that a sine function captures the azimuthal distribution of the ﬁrst mode (Figure 4). While
higher modes can improve the asymmetric model ﬂexibility and performance, this sacriﬁces model sim-
plicity. Thus, the asymmetric parametric model is chosen to have the form of
Vðr; hÞ5VrðrÞ1eVtðrÞsin ðh1aÞ (2)
where Vðr; hÞ is the asymmetric tan-
gential wind speed ﬁeld, VrðrÞ is the
wind speed from the radial model
(e.g., the H80 model), VtðrÞ is the radial
distribution of the wind speed for the
ﬁrst mode of asymmetry, e is a factor
that describes the degree of azimuthal
asymmetry, and a controls the azimuth
of the location of the maximum wind
speed. In equation (2), the maximum
wind speed for the radial model, VrðrÞ,
is an average wind speed on the radius
to maximum wind, i.e., V Rw in equation
(1). Thus, taking r5 Rw and h1a5p=2
at the location of maximum wind
speed, Vmax, a good approximation for
the asymmetry parameter e can be
derived from
Figure 4. Azimuthal distribution of Vrel (equation (1)) for 24 hurricanes from the
North Atlantic basin (solid thin lines) and the adopted sine distribution (solid thick
line). The azimuths are relative to azimuth of VminRw . A sine model can capture the
ﬁrst mode of asymmetry while double peaks belong to higher modes of azimuth-
al asymmetry (Figure 3).
Table 1. Hurricanes Used for the Model Development and Evaluation
(H*Wind Archive)a
Number Hurricane Year Time UTC
1 Irene 2011 16:30 26/Aug
2 Katrina 2005 16:30 28/Aug
3 Earl 2010 13:30 1/Sep
4 Igor 2010 19:30 16/Sep
5 Bill 2009 19:30 19/Aug
6 Ida 2009 07:30 9/Nov
7 Ike 2008 19:30 5/Sep
8 Gustav 2008 10:30 31/Aug
9 Gustav 2008 13:30 31/Aug
10 Ike 2008 01:30 6/Sep
11 Kyle 2008 01:30 28/Sep
12 Dean 2007 13:30 20/Aug
13 Dean 2007 19:30 20/Aug
14 Felix 2007 07:30 3/Sep
15 Dennis 2005 19:30 9/Jul
16 Katia 2011 19:30 6/Sep
17 Wilma 2005 19:30 24/Oct
18 Emily 2005 07:30 17/Jul
19 Emily 2005 13:30 17/Jul
20 Charley 2004 10:30 13/Aug
21 Frances 2004 22:30 29/Aug
22 Ivan 2004 13:30 14/Sep
23 Isabel 2003 19:30 15/Sep
24 Fabian 2003 01:30 06/Sep
aOne most qualitatively asymmetric snapshot of each hurricane is cho-
sen for the model development (section 2). For the model evaluation
(section 3), 180 snapshots from the ﬁrst six hurricanes are used.
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e  Vmax
VRw
21 (3)
The degree of TC wind ﬁeld asymmetry is therefore described by e, representing the factor by which the
absolute maximum wind speed is larger than the wind speed average at Rw.
2.2. Radial Distribution and the Asymmetric Model
Two additional features for the ﬁrst mode of asymmetry are taken into the account using an analogous
model to H80 for VtðrÞ. These are the radius at which the maximum of the ﬁrst azimuthal mode occurs, anal-
ogous to Rw, and the sharpness of the radial distribution, analogous to the H80 B parameter. The directional
wind model is then written in the form of
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Figure 5. (top) Directional distribution function (equation (2)) for V 0max510 m/s, D5 2, Ra5 50 km, and a5 0. (middle) Wind proﬁles on
the solid line of the top ﬁgure with different D parameters that adjust the sharpness of asymmetry analogous to the H80 B parameter.
(bottom) Same as middle plot for Ra parameter that adjusts the extension of asymmetry.
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VtðrÞ5eV Rw sin ðh1aÞ

e

Ra
r
D
e2ð
Ra
r ÞD
1=2
(4)
where Ra and D adjust the distance to the maximum wind speed and the sharpness of the wind ﬁeld for
the ﬁrst mode of asymmetry, respectively (Figure 5).
Here the H80 model is chosen as the radial wind model. Although the H80 is a gradient level wind model,
we use it for surface wind modeling justiﬁed by the fact that many studies found a constant to transfer the
gradient wind speed to the surface wind speed [Vickery et al., 2009]. With maximum wind speed V Rw , radius
to maximum wind Rw and shape parameter B, the superposition of the ﬁrst mode of azimuthal asymmetry
and the H80 model results in the new directional model of
V5VH80

11e sin ðh1aÞ

Ra
r
D Rw
r
2B
eð
Rw
r ÞB2ðRar ÞD
1=2
: (5)
From differentiating equation (5), one can derive a relation between Rw and the new model parameters for
this model in which the actual location of maximum wind is different from Rw if Ra 6¼ Rw . For the hurricanes
ﬁtted to the new model in this study (section 3.1), the actual location of maximum wind is generally
between Rw and 1.2 Rw for 95% of cases. Since an explicit relation cannot be derived for the radius to maxi-
mum wind in equation (5), Rw should be treated as a condition in ﬁtting the new model to wind ﬁelds for
higher accuracies.
3. Evaluation of the New Model
3.1. Data Set and Parameter Estimation
The NOAA-HRD hurricane wind analysis system (H*Wind) [Powell and Houston, 1996] snapshots of hurricane
wind ﬁelds were used to evaluate the model. For evaluation of the model and investigation of the new
parameters, 180 snapshots of the ﬁrst six hurricanes of Table 1 were used. These snapshots were selected
for hurricanes before landfall and thus the effect of terrain on wind ﬁeld asymmetries is separated. The
tracks of these six hurricanes are illustrated in Figure 6. For these data, the hurricane forward speed is esti-
mated from the location of the hurricane eye center in each snapshot. The TC forward speed linear effect is
then removed by subtracting half of its value from the surface wind speed data [Georgiou, 1986, pp. 36].
While a radially linear reduction of forward speed is pursued, other methods include using an exponential
radial reduction coefﬁcient as in Schwerdt et al. [1979]. These approaches perform similarly at the radius to
maximum wind speed.
In addition, the wind speed ﬁeld of TC Roger (Figure 1) is selected from the NOAA-CIRES 20th Century
Reanalysis archive (with a resolution of 200 km) for qualitative evaluation. For TC Roger, the forward speed
is estimated from the track data available
from Australia Bureau of Meteorology.
For the H80 model, V Rw , is equal to the
azimuthal average of the maximum
wind speed on the radius to maximum
wind speed, Rw available from data. The
central pressure is also set from data
and the ambient pressure is optimized
in an acceptable range of [1000 hPa,
1015 hPa] for the best ﬁt using the
root-mean-squared error as the good-
ness of ﬁt criteria. However, a conven-
tional method is to adjust Rw and the
H80 B parameter within an acceptable
range to optimize the goodness of ﬁt
criteria [Vickery and Wadhera, 2008]. For
the purpose of this study, the actual
measured parameters are used.
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Figure 6. Tracks of the six hurricanes used for model evaluation (1) Hurricane
Bill 2009, (2) Earl 2010, (3) Ida 2009, (4) Igor 2010, (5) Irene 2010, and (6)
Katrina 2005.
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The new model parameters are estimated from both measurements and optimization. The asymmetry
parameter e is estimated from the maximum measured wind speed, Vmax, from equation (3). The azimuth of
Vmax, a, is initially estimated from the measurements and then optimized within ½a2p=6 a1p=6. The oth-
er two parameters, i.e., Ra and D, were estimated by optimizing the goodness of ﬁt criteria in the range ½Rw
10Rw  and ½B 10B, respectively. The same parameters as H80s were used for the asymmetric model, i.e.,
Rw and B.
3.2. Model Evaluation
The asymmetric model is evaluated against the H80 model qualitatively and quantitatively. The surface
(i.e., at 10 m height) wind ﬁeld of Hurricane Bill, Wilma and Irene (Table 1) and East Australian Tropical
Cyclone Roger (on 17 March 1993 at 12 A.M. GMT, Figure 1) are used for qualitative comparisons. The
asymmetry in Hurricane Bill, Wilma, and Irene are expected to be induced by boundary layer friction,
resulting in a high wind speed zone at the front left side of the system in the forward direction. For TC
Roger, a combination of boundary layer effect and blocking action are expected to result in wind ﬁeld
asymmetry. The blocking action is generated by a high-pressure system on the south of the TC. A quali-
tative comparison of the models (Figures 7 and 8) show these areas of maximum wind speed cannot be
captured using conventional axisymmetric models since the wind speed is merely a function of radial
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Figure 7. Comparison among the measured (top row) wind speed, (middle row) the H80 model, and (bottom row) the new model (equation (3)) for (left column) Hurricanes Bill (on 19
August 2009 at 19:30 Z), (middle column) Wilma (on 24 October 2005 at 19:30 Z), and (right column) Irene (on 24 August 2011 at 01:30 Z). The translational speed is removed from the
wind speeds.
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distance. Meanwhile, the new model can capture these physical features, in particular, the localized dis-
tribution of the maximum winds.
Due to the ability of the new model to capture wind ﬁeld asymmetry, it is expected to provide an improved
ﬁt to the wind ﬁelds. This is investigated using the root-mean-square error (RMSE) between measured and
predicted winds as the goodness of ﬁt criterion. The results show that the new model can reduce the RMSE
signiﬁcantly (Figure 9). The H80 model yields a smaller RMSE for 10% of the analyzed wind ﬁeld snapshots.
This is due to the fact that the model captures the asymmetry at Rw, which might not be consistent with
the wind ﬁeld in general. On the other hand, the new model sacriﬁces goodness of ﬁt at lower wind speed
zones in order to capture the asymmetric structure at Rw.
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Figure 8. TC Roger wind ﬁeld (at 10 m height with the forward speed removed) on 17 March 1993 at 12 A.M. GMT. (top) NCEP/DOE AMIP-
II Reanalysis data, (middle) H80 model, and (bottom) the new asymmetric model.
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3.3. Discussion
The parameters derived for the asymmetric model enable physical features of the hurricanes to be investi-
gated further, such as the azimuth of the maximum wind speed, which is expected to be located at the
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Figure 9. Comparison between goodness-of-ﬁt criteria (i.e., RMSE) of the Holland (1980) model and the asymmetric model. The solid line
is 1:1.
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front left in a translating direction [Kepert, 2001; Shapiro, 1983]. Comparing the measured hurricanes’ azi-
muth of maximum wind speed that is modeled by parameter a and the system forward direction supports
this feature (Figure 10). The correlation is stronger for Hurricane Igor and Hurricane Earl, though the histo-
gram of the difference between forward motion azimuth and azimuth of the maximum wind speed con-
ﬁrms an approximately p=4 difference. In Figure 10, there is a spike at 3 rad in the histogram. This implies
that the high wind speed zone is on the opposite side of the system, i.e., at the trailing edge. Wind ﬁeld
snapshots for these events that show this feature occurs within land-falling hurricanes, where the region of
maximum wind speed is at the seaward side of the system.
Since the system forward speed and surface friction are expected to result in surface wind speed asymme-
try, the correlation between forward speed and the asymmetry parameter e is investigated (Figure 11).
Despite scatter, an increasing trend is observed for ﬁve out of the six hurricanes analyzed.
Synthetic generation of TC systems for risk analysis requires statistical modeling of the wind ﬁeld. For this
reason, the model parameters should follow a statistical distribution, illustrated in their histograms (Figure
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Journal of Geophysical Research: Oceans 10.1002/2016JC012237
OLFATEH ET AL. TROPICAL CYCLONE WIND FIELD ASYMMETRY 467
12). For half of the hurricanes, the asymmetry parameter is larger than 0.12, which indicates that the maxi-
mum wind speed is 12% larger than the average wind speed on RMW.
4. Conclusions
Tropical cyclone wind ﬁeld asymmetry arises from different sources, including forward speed, boundary lay-
er friction, blocking action, beta effect, and landfall. The wind ﬁeld asymmetry results in higher wind speed
zones that cannot be captured using conventional axisymmetric models, e.g., the Holland [1980] model,
except the linear effect due to TC forward speed.
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Figure 12. Histograms of the asymmetric model parameters (top) e, (middle) D, and (bottom) Ra=Rw .
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On the basis of observations, a new model for asymmetric TC wind ﬁelds is proposed. The new model takes
the ﬁrst azimuthal mode of asymmetry of an asymmetric vortex into account. This enables the capture of
the observed physical features of asymmetric TCs. In comparison to the axisymmetric model of H80, the
evaluation shows that the new model gives a better representation of the overall TC wind ﬁeld, i.e., the
goodness of ﬁt criteria improves signiﬁcantly.
Fitted to the historical observations, the new model parameters also quantify some asymmetric features of
TC such as their degree of asymmetry. Despite scatter, a clear increasing trend was observed for the asym-
metry parameter versus TC forward speed. The location of the azimuth of the maximum wind speed, com-
pared to the forward speed direction, is generally 458 on the left-hand side. Previous modeling and
observations [Shapiro, 1983] also discussed this feature. Since the new model is able to capture the asym-
metric high wind speed zone in TCs more realistically in comparison to axisymmetric models, it will poten-
tially enhance risk modeling of storm surge and wind impacts. This requires statistical modeling of the new
parameters involving a broader range of TCs.
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